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ABSTRACT 
The purpose of this research is to improve the performance of moving bed 
granular filters. Granular bed filters are one type of filter that shows good promise for 
hot-gas clean-up in advanced coal conversion technologies. This research project 
examines the performance of a moving bed granular filter under conditions simulating 
hydrodynamic flow at high temperature, high pressure typical of advanced coal-fired 
power systems. 
The tests were carried out in a cold-flow model of a moving bed granular filter. 
Inlet ash concentration, outlet ash concentration, filter collection efficiency and pressure 
drop across the bed data were experimentally collected. Seven experiments were 
conducted to investigate the effects of several factors on filter collection efficiency. These 
factors include 
1. Ash deposition rate to granule flow rate ("mass dust ratio") 
2. Size of granules used as the filter media 
3. Bed pressure 
4. Superficial velocity at the filter interface 
The results of cold model tests provide information important to future tests 
performed at high pressure and high temperature conditions. The results also give 
important information for the design of moving bed filters for commercial application. 
1 
1. INTRODUCTION 
The U.S. Department of Energy is developing advanced coal-fired power cycles. 
One important process is to remove the fine particles from high temperature and high 
pressure gas streams to satisfy gas turbine fuel quality requirements. Ceramic candle 
barrier filters and granular bed filters are the most promising approaches to hot gas 
clean-up for advanced coal conversion technologies. Granular bed filters are more 
attractive because they employ low-cost refractory particles as filter media and offer the 
prospect for constant pressure drop if the filter is operated as a moving bed. In general, 
there are two types of granular bed filters: fixed bed and moving bed. Moving bed 
granular filters can renew the filtration media continuously. This advantage makes 
unnecessary periodical shutdown of the filter to renew the filter media. 
This research is an attempt to investigate performance of a moving bed granular 
filter developed at Iowa State University. 
2.1 Granular filtration 
2.1.1 Definition 
2 
2. BACKGROUND 
Granular filtration is a fluid-solid process commonly applied to removing small 
concentrations of fine particles in gas flows. The basic principle of granular filtration is 
the removal of suspended particles by passage through a medium composed of granular 
substances. As the suspension flows through the medium, various forces acting on the 
particles cause them to become deposited on the surface of the granules. [1] 
2.1.2 Basic principles and mechanism of aerosol filtration 
The performance of a granular bed filter is most commonly expressed as the 
particle collection efficiency, T/, which is the weight ratio of the dust collected to the 
dust entering the filter. Particle collection efficiency is a function of the bed depth, 
granule size, filter superficial velocity and the properties of the gas [2]. 
Basically, there are five main separation mechanisms contributing to granular 
filtration [l] . 
1. Inertial impaction 
As the gas stream deflects around a slowly moving or stationary obstacle, the 
particle continues toward the object and impacts it due to inertia. 
l'nrticlc Obs tac I c· 
l;as s trcam I i ncs 
Figure 2.1 Schematic of inertial impaction mechanism [3] 
For particles larger than a few micrometers, the inertial collection mechanism of 
a granular bed filter is described by the dimensionless Stokes' number [4]. The Stokes' 
3 
number is defined as 
where p P =particle density 
dp=particle diameter 
U=superficial velocity at the interfacial face 
Cs=Cunningham factor for molecular slip 
µ =gas viscosity 
dg=obstacle diameter (obstacle is spherical) 
(2.1) 
Inertial impaction is generally considered to be the most important filtration 
mechanism. 
2. Diffusion 
For very small particles, collection is governed by diffusion mechanisms 
resulting from the Brownian motion of the gas molecules. The dimensionless Peclet 
number, Pe, controls this mechanism [5]. 
3trµdPUdg 
Pe=--"--~ 
C,kT 
(2.2) 
where k is the Boltzman constant and T is absolute temperature. 
3. Interception 
Interception is a mechanism governed by of geometrical effects. It is directly 
proportional to dp/ dg and can be neglected for ratios of 1 : 1000 or less. 
4. Electrostatic attraction 
Aerosol particles and filter grains often carry electrostatic charges that may 
influence particle collection. Some filters are called electrofilters because they have 
4 
external electric forces to help collection. [ 1] 
5. Gravity 
If the particle density is greater than that of gas, then particles will settle out in 
the direction of the gravitational force. Gravity collection can be important for very large 
particles. [ 1] 
For most granular filters, all the mechanisms mentioned above contribute to the 
achieved collection efficiency. However, for this specific research, inertial impaction is 
considered as the dominant mechanism. 
2.2 llistory & past research 
2.2.1 Fix bed granular bed filters vs. moving bed granular filters 
In industrial application, granular bed filters are attractive for their high 
efficiency and especially for removing fine particles from high temperature and high 
pressure gas streams. In general, granular bed filtration can be operated in two modes: 
fixed bed and moving bed. 
In fixed bed filters, pressure drop increases continually as more and more 
particles are trapped by the granules until finally the operation has to be stopped to clean 
the granules. Moving bed granular filters can renew the filtration media inside filters by 
continuously replacing dirty granules with clean media. This advantage is avoidance of 
frequent renewing filtration material in most fix bed filters and makes the operation 
continuous. 
Both fixed bed and moving beds are developed throughout the world due to 
increasing concerns on the environment. Moving bed granular filters are more promising 
because of the advantage mentioned above. 
For all types of filters, collection efficiency is the standard to evaluate the filter 
performance. 
The filtration efficiency is defined as 
where 
17 = 1 - cinlet 
courier 
cinlet = inlet ash concentration 
coutlet =outlet ash concentration 
2.2.2 Past research work 
5 
(2.3) 
The first patent for a fixed bed granular filter can be traced to the late nineteenth 
century [6]. Since then, many researchers and companies had worked in this field. 
The research by Gal et al. [ 4] is notable for predicting filtration efficiency of a 
granular bed with inertial effects dominant. The efficiency was found to be a function of a 
modified Stokes number. 
St'= St(l + 1.?5Re ) 
150(1-&) 
where St is the traditional Stokes number. 
p ·d 2 ·U·C St= p p ' 
9·µ·dg 
(2.3) 
(2.1) 
Re is the Reynolds number based on granular diameter and & is the void 
fraction in the bed. In other words, for the same kind of bed, the filtration efficiency is a 
function of two dimensionless parameters, Re and St. Gal et al. gave a prediction function 
for total bed efficiency. They also conducted experiments to support their model. 
The experiments were conducted in which a densely packed cubic bed was used 
to filter solid latex particles with an average diameter of 2.35 micrometers from both an 
air and a helium stream. The schematic drawing of the apparatus is shown below. 
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Figure 2.2 Gal et al. 's experimental apparatus [4] 
The granule diameters used were 0.476 cm and 0.125 cm while the 
cross-sectional area of the bed was 5.23 by 5.23 cm. The 0.476 cm diameter granules 
were positioned in exact 11 x 11 arrays in the odd layers while 10 xl 0 arrays were 
positioned for the even layers. Experiments with bed thickness equivalents of 3, 9 and 15 
layers were conducted. Some measurements were adopted to avoid electrostatic charge 
and particle bouncing. Two kinds of gases, air and helium, were used. The superficial 
velocity for air was 0.4 m/s-1 mis, and 0.9 m/s-2.7 mis for helium. There was 
reasonably good agreement between the experimental data and the theoretical predictions 
for both particle sizes [3]. Both the filtration model and the experiments showed that 
greater values of Re and St would help to improve filter collection efficiency. 
Tsubaki and Tien's research [7] on a cross-flow granular moving bed was 
conducted by examining the variables of superficial velocity (0.05 mis to 0.1 emfs) and 
granule velocities (4 cm/min to 5 cm/min). The cross section of their filter was 127 mm x 
82.6 mm with a depth of 308 mm. They found that particle collection efficiency increased 
with increasing superficial velocity, while the effect of granule velocity on particle 
collection was negligible [7]. 
The research conducted by Kalinowski and Leith [8] treated the experiments 
7 
with four variables: superficial velocity (100 to 250 mrn/s), bed depth (130 to 230 mm), 
granule size (2.1 to 2. 7 mm) and the amount of intergranular dust deposited, expressed as 
percent by weight of collected dust in the bed (1 % to 5%). The filter used in their 
experiments was of cocurrent design; that is, aerosol passed downward through a 
descending bed of dirty granules while clean granules were added continuously at the bed 
top. The bed was 20.3 cm in diameter. The research studied the time trend of outlet 
concentration. Figure 2.3 shows outlet concentration as a function of the number of bed 
volume replacements, a representation for time (an equivalence to granule flow rate). 
" " 
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Figure 2.3 Outlet concentration vs. time in Kalinowski and Leith's research [8] 
They attributed the early decrease in outlet concentration to the formation of 
intergranular dust deposits. They explained the later increase in outlet concentration to 
reentrainment of previously collected dust at the outlet screen. They concluded that 
conventional filtration theory for static, clean granular beds was inadequate to describe 
· the performance of loaded, concurrently moving beds. This conclusion was supported by 
their evidence of the trends of increasing mass penetration with increasing superficial 
velocity and bed depth. Superficial velocity is the aerosol and gas velocity at the 
interfacial face. They also suggested that inter-granular dust functions as a highly 
efficient filter for collection of fine dust [8]. 
At the Chinese Academy of Sciences, Institute of Coal Chemistry, Wu et al. 
8 
developed a counter-flow movi!lg bed filter with dimensions of 36 cm x 25 cm with a bed 
thickness of 10 cm [9). They investigated three variables: superficial velocity (0.1 mis to 
0.5 mis), granule size (0.65 mm and 1.63 mm) and granule downward moving velocity (2 
m/h to 9 m/h). The figures below show their findings. 
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Figure 2.4 Filter collection efficiency vs. superficial velocity in Wu's research [9] 
They found that for 1.65 mm granules, increasing superficial velocity decreased 
the collection efficiency, which is similar to the results found by Kalinowski and Leith [8]. 
Conversely, for the smaller 0.65 mm granules, increasing superficial velocity increased 
filter collection efficiency. For both sizes of granules, decreasing granule flow rate had 
the effect of increasing efficiency [9]. 
All the studies mentioned above were conducted under ambient conditions. 
However, granular moving beds will typically be employed at high temperature and high 
pressure in advanced power systems. High temperatures and pressures will bring some 
changes to particle collection efficiency in granular filters. A few studies were conducted 
at more realistic filtration conditions. 
Peukert and Loffler [10] did experiments to investigate this effect on a fixed 
granular bed with quartz dust. The results showed that the efficiency fell from 99.97% at 
room temperature to 99.8% at 400C and to 98.6% at 800 C. However, the investigation in 
filtration behavior over extended time periods revealed that this dust at high temperatures 
9 
favored cake formation, which ultimately improved collection efficiency. The efficiency 
under high temperature and high pressure would finally be even better and constant. This 
could be explained by improved dust adhesion on the surface of the bed granules, so that 
the dust bridge formed were not so easily destroyed [10]. 
In Delft University of Technology, Netherlands, Zevenhoven et al. performed 
experiments on the moving granular bed filter under the conditions of high temperature 
and high pressure with and without the electrostatical enhancement [ 11]. The experiments 
were run on a screenless moving granular bed filter developed by Combustion Power 
Company. It was found that, without the electrostatic enhancement, at a system pressure 
of 5 bar (abs) the filtration efficiency varied from 89% to 97% at an inlet concentration of 
1.04-1.05 g/m3, a flow rate of 150 m3/h, and a temperature of about 600 C. At a pressure 
of 7 bar (abs) and at about 650 C, the efficiency was around 93-98% at an inlet 
concentration of 1.3-1.5 g/m3 and at a flow rate of 400 m3/h [11]. 
Besides the research by Gal et al. [4] mentioned above, Freidlander also 
developed a function to describe the filter performance similar with Gal's [12]. However, 
he included R, the interception number defined as the ratio dp/dg in his model, expressed 
as [12], 
T/ = f(St,Re,R) (2.5) 
Freidlander 's equation is based on similarity theory. Freidlander noted that for 
the mechanical behavior of two particle-fluid systems to be similar, it is necessary to have 
geometric, hydrodynamic, and particle trajectory similarity. Hydrodynamic similarity is 
achieved by fixing the Reynolds number. Similarity of the particle trajectories depends on 
the Stokes number and also requires that the particle come within one radius of the 
surface at the same relative location [12]. 
10 
3. SIMILITUDE MODELING 
Most research, with the exception of that by Zevenhoven et al. [ 11] has been 
conducted under near-ambient conditions. However, typical hot gas clean-up for 
advanced coal power systems operates at temperature around 850 C and pressure on the 
order of 10 atmospheres. Such running conditions are not easily achieved with laboratory 
experiments. Similitude analysis is used to design experiments so that the experiments 
can be performed at near-ambient conditions while preserving hydrodynamic flow 
properties typical of hot gas filtration. 
Similitude analysis is based on dimensionless parameters to describe filter 
performance [12]. Although there are several kinds of collection mechanisms, most 
moving bed granular filters, including the filter studied in this research, operate in a 
regime where inertial impaction is the main collection mechanism. For inertial impaction 
filters, collection efficiency can be expressed with three dimensionless parameters as 
[12]: 
1'/ = f(St,Re,R) (3.1) 
These three dimensionless numbers control the filter collection mechanism. In 
the case of a granular filter, additional dimensionless parameters are required to describe 
the hydrodynamics of the moving bed, including the number of 
and the Froude number, Fr [13] 
uz 
Fr=--
g·dg 
(3.2) 
(3.3) 
The similitude conditions will be achieved when five dimensionless parameters 
are the same between the prototype and experimental models. 
For two geometrically similar moving bed granular filters operating m the 
inertial impaction regime, the hydrodynamic behavior and the particle collection 
efficiency of these filters will be identical if these five dimensionless parameters are 
11 
equal. Let subscripts 1 and 2 distinguish the physical properties of these two filters, 
algebraic manipulation (See appendix A for derivation) of the above dimensionless 
variables yields property relationships convenient for establishing hydrodynamic 
similarity between the filters, resulting in the following similarity requirements, 
Pp1 P11 Pg1 -=--=-
Pp2 P12 Pg2 
2 
dgl - dpl -(V2)3 ------ -
dg2. dp2. V1 
where v = _1!_ 
Pr 
(3.4) 
(3.5) 
(3.6) 
By satisfying these three equations, the gas densities in the hot flow prototype 
and cold-flow (experimental) model are the same and similitude is achieved with the 
same density of dust particles and the same density of bed granules in the two beds. 
A typical moving bed granular filter operates at 850 C and 1000 kPa absolute 
(prototype), under which, the air density is about 3 .10 kg/m3. The lab experiments were 
conducted with the lab gas temperature around 20 C. To achieve the same air density as 
3.10 kg/m3, the air run in the filter should be at a pressure of about 159.67 kPa gage 
(23.16 psig). 
12 
4. EXPERIMENTAL SETUP AND METHOD 
4.1 Experimental equipment 
A schematic of the moving bed granular filter experimental apparatus is shown 
in Figure 4.1. Compressed air at 90 psig is throttled down to the desired pressure for 
operating the filter. The ash is contained in an ash feeder whose rotating speed is 
controllable. The ash feeder is sealed in a tank. The aerosol is formed by the high velocity 
air hitting and mixing with the ash fed by the feeder. 
6 
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Figure 4.1 Schematic of the experimental equipment 
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Table 4.1 Experimental setup and apparatus list 
1 Computer 
2 Pressure transducers, recording inlet (bed) pressure and pressure drop across the 
bed. 
3 Pressure gage (0-100 psig) 
4 Flowmeter (0-40 SCFM) 
5 Inlet entrance control valve 
6 Outlet exit valve 
7 Ash feeder 
8 Inlet S-type pitot tube & manometer (0.05-0.25" H20) for isokinetic sampling 
9 Sampling probe with small valve 
10 Inlet sampling filter holder (47 mm in diameter) 
11 Inlet small rotameter (0-3 SCFH) for isokinetic sampling 
12 Outlet S-type pitot tube & manometer (0.05-0.25" H20) for isokinetic sampling 
13 Sampling probe with small valve 
14 Outlet sampling filter holder (47 mm in diameter) 
15 Outlet small rotameter (0-3 SCFH) for isokinetic sampling 
16 Inlet pipe, 10.16 cm ( 4") in diameter 
17 Outlet pipe, 10.16 cm ( 4") in diameter 
18 Granule collection tank 
19 Motor & auger system for removing granules 
20 Wooden double-cones 
21 Funnel 
22 Video camera for viewing the interfacial area 
23 30.22 cm (11.9") diameter bed 
24 Metal screen 
25 Granule storage tank 
*See Appendix B for the mechanical drawing and real picture of filter body 
14 
The inlet and outlet isokinetic sampling systems are identical consisting of a 
S-type pitot tube, a manometer (0.05-0.25" H20), sampling probe with valve, a 47 mm 
sampling filter holder and a small rotameter (0-3 SCFH). The Figure 4.1 shows their 
connections. 
The filter consists of five major air-tight sections: a granule storage tank, a bed 
column, a funnel down from the bed column, a granule flow control mechanism and a 
granule collection tank. A speed controllable motor driven auger removes the granules 
from the bottom of the bed into a collection tank. 
A double-cone flow diverter suspended by four rods helps the granules flow 
along the inside surface of the funnel and serve to reduce the volume of granules 
required. 
A holding screen (# 24 in Figure 4.1) prevents granular material from leaving the 
filter bed with the exiting air. 
The ash used in the experiments has an average diameter of 11.46 um and 
density of 2400 kglm3• Granule diameters of 4 mm and 2 mm were used. Both have a 
density of 2450 kg!m3• 
4.2 System hydrodynamic properties for similitude conditions 
According to the results of chapter 3, the similitude experiments should be 
conducted at a bed pressure of 159.67 kPa gage (23.16 psig). To achieve the similitude 
conditions, the system was adjusted by controlling the outlet exit valve while the inlet 
entrance valve was always full open. Table 4.2 gives the superficial velocity and average 
inlet air velocity under similitude conditions. Superficial velocity is the air velocity in the 
contact area between dirty air and granules in bed. 
Table 4.2 System properties for similitude conditions 
Similitude 
conditions 
Bed Pressure (psig) Avg. inlet velocity (mis) 
-159.67 kPa gage 
(23.16 psig) 
-1.43 
*: See Appendix D for the calculation of superficial velocity 
Superficial velocity (mis)* 
-0.20 
15 
Table 4.3 lists the parameters for both prototype and similitude models. 
Appendix E outlines the derivation and calculations for each. 
Table 4.3 Prototype and similitude models 
Air pressure 
Air temperature 
Air density pg 
Air viscosity µ 
Ash diameter dp 
Ash density p P 
Granule density pg 
Granule diameter dg 
Superficial velocity U 
p ·d 2 ·U·C St= p p s 
9·µ·dg 
p ·U·d Re= / g 
µ 
uz 
Fr=--
g·dg 
Prototype model 
898.67 kPa gage (130.34 psig) 
850C 
3.10 kg/m3 
4.48E-5 kg/m-s 
20.86 um 
2400 kg/m3 
2450 kg/m3 
7.28mm 
0.27 mis 
0.1 
135.92 
0.0029 
790.32 
1.02 
Similitude condition model 
159.67 kPa gage (23.16 psig) 
20C 
3.10 kg/m3 
l .83E-5 kg/m-s 
11.46 um 
2400 kg/m3 
2450 kg/m3 
4mm 
0.20 mis 
0.1 
135.92 
0.0029 
790.32 
1.02 
When the system is fully loaded with granules, there is roughly a 6.89kPa (1 psid) 
pressure drop across the bed, which somewhat affects similitude conditions. The 
experiments were monitored from the beginning to end making necessary adjustments to 
satisfy similitude conditions. 
16 
5. EXPERIMENTAL RESULTS AND DISCUSSION 
5.1 Experiment design 
Four experiments were conducted under similitude conditions at about 159.67 
kPa gage (23 .16 psig) on 4 mm granules to investigate the effect of mass dust ratio on 
filter collection efficiency. The mass dust ratio is defined as ash deposition rate (ash flow 
rate) to granule flow rate. 
Besides the similitude experiments, several experiments were conducted on 
investigating the effect of granule size, bed pressure and superficial velocity on filter 
collection performance. 
The frequency of sampling was taken as 30 min for all tests, for the trend of 
filter collection efficiency versus time. 
5.2 Four similitude experiments on 4 mm granules 
5 .2.1 Experiment model 
All four experiments were carried out under similitude conditions with a bed 
pressure of around 159.67 kPa gage (23.16 psig), air temperature of 20C and superficial 
velocity around 0.2m/s. The model corresponds to a prototype model which is indicated 
in Table 4.3. 
The purpose of these tests was to investigate the effect of mass dust ratio on the 
filtration collection efficiency. The model was achieved by controlling the ash flow rate 
and granule flow rate. Each of them has two levels, high and low, resulting in a total of 
four experiments. Each experiment had the same hydrodynamic properties satisfying 
similitude conditions described in Table 4.3. The ash flow rate is controlled by the ash 
feeder speed button setting. The inlet concentration is determined by sampling probes 
during experiments. The assumption was made that the inlet concentration is uniform in 
the vertical profile. The granule flow rate is controlled by the motor and auger system. In 
the experiments, the desired high level for granule flow rate was 200 g/min and the low 
level was 100 g/min. The actual rates varied slightly from these values. 
17 
Table 5.1 Experimental model for similitude experiments to investigate the effect of mass 
dust ratio on filter collection performance 
Ash flow rate level Granule flow rate Mass dust ratio 
High 
Low 
High 
Low 
5.2.2 Results and discussion 
Low 
Low 
High 
High 
High 
Mediuml 
Medium2 
Low 
Important experimental conditions and dimensionless numbers for the four 
similitude experiments are summarized in Table 5.2. 
Table 5.2 Experimental conditions and dimensionless numbers for four similitude 
experiments 
Avg. ash Granule Mass Actual air 
flow rate flow rate dust 
Bed pressure 
density 
Superficial 
St Re R Rrho 
(g/min) (glmin) ratio% 
kPa gage (psig) 
(kglmA3) 
V (mis) 
Fr 
NIA NIA NIA 898.67 (130.34) 3.10 0.27 0.10 135.92 0.0029 790.32 1.02 
11.12 100.77 11.04 157.65 (22.87) 3.08 0.20 0.10 135.01 0.0029 795.45 1.02 
6.81 98.85 6.89 157.13 (22.79) 3.07 0.20 0.10 134.58 0.0029 798.05 1.02 
10.48 206.35 5.08 159.66 (23.16) 3.10 0.20 0.10 135.89 0.0029 790.32 1.02 
7.13 214.29 3.33 158.42 (22.98) 3.09 0.20 0.10 135.45 0.0029 792.88 1.02 
From Table 5.2, all four experiments satisfy similitude conditions. Average bed 
pressures were taken from the pressure values recorded by the pressure transducer. Bed 
pressure fluctuations were less than 2.5% in all runs. The four experiments and prototype 
had nearly the same dimensionless numbers. The combination of different levels of ash 
flow rate and granule flow rate produces four different numbers of mass dust ratio, 
11.04%, 6.89%, 5.08% and 3.33%. The experiment model is satisfied and results should 
be meaningful for evaluating granular filter under similitude conditions. 
Three important figures for evaluating inlet concentration versus time, outlet 
concentration versus time and filter collection efficiency versus time are shown in Figures 
5.1, 5.2 and 5.3. 
18 
The ash concentrations (g/m3) for inlet and outlet and efficiency were calculated 
based on the ash mass collected in the sampling probes. The ash mass collected in the 
sampling probes was measured by a 1 OE-5 gram magnitude precise scale. The error bar in 
the plot for each point is based on the scale's measuring error which is ± l 8.4E-5 g. In 
Figure 5.1, the error bars are too small to be evident. In the outlet ash concentration 
versus time figure, the bars are added only to the test with 11.04% mass dust ratio to 
avoid cluttering the chart, although magnitudes of variations are comparable for all points, 
which is about ±0.2 g/m3. The error bars for efficiency points are less than ±0.2%. 
Table 5.3 Filter collection efficiency against time with different mass dust ratios 
~dust ratio% 
Time min ====---==--- 11.04 6.89 5.08 3.33 
30 99.40 99.23 99.43 99.68 
60 99.78 99.07 99.74 98.93 
90 99.72 99.33 99.63 99.68 
120 99.56 99.69 99.80 99.64 
150 99.51 99.85 
180 99.85 99.41 
210 99.81 98.66 
240 99.58 99.60 
Avg. collection efficiency% 99.65 99.36 99.65 99.48 
Standard deviation of collection efficiency % 0.16 0.38 0.16 0.37 
Figure 5.3 and Table 5.3 indicate that, for all four experiments with different 
mass dust ratios, the average filter collection efficiencies are similar high and with very 
small deviations with time. It indicates that the filter can reach steady state very quickly 
and is robust to changes in the mass dust ratio. Statistical analysis on the data of Table 5.3 
in Appendix G also supports that filter works in a robust way to time and the change of 
mass dust ratio. 
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Pressure drop across the bed is very important information for analyzing the 
performance of a moving bed filter. For a moving bed, a steady or quasi-steady state is 
expected to be reached when the amount of ash entering the filter equals the amount of 
ash pushed out of the bed with the granules at the bottom of the filter. The pressure drop 
measured against time is a criterion for steady state. 
For all four tests, Figure 5.5 indicates that the pressure drop increased quickly in 
around 5-20 minutes after starting the experiment. For the remaining time, the pressure 
drop increased much more stably. A possible explanation is that the ash mixed with 
granules in the bed reaching a quasi-steady state pressure drop in a short time when the 
amount of ash entering equaled that leaving. It is speculated that the fly ash penetrated a 
region or zone of the bed as shown in Figure 5.4. 
Outlet pipe 
Inlet pipe 
Penetration 
Zone 
Flow diverter (double cones) 
Figure 5.4 Zone resulting the pressure drop across the bed 
This penetration zone is also thought to be the region where essentially all 
filtration occurs. 
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From Figure 5.5, we can also find that, for the test with a dust ratio of 5.08% 
and the test with a dust ratio of 3.33%, the pressure drop reached steady state more 
quickly than for the other two tests. This can be explained by the different granule flow 
rates. For tests with dust ratios of 5.08% and 3.33%, the average granule flow is around 
21 Og/min while for test with dust ratios of 11.04% and 6.89% the granule flow rate was 
about 1 OOg/min. A reduced granule flow rate will make granules in the penetration zone 
move more slowly, which increases the length of time for reaching steady state. 
5.3 Similitude experiment with 2mm granules 
5.3.1 Experimental purpose 
An experiment was conducted with 2mm granules to see the effect of granule 
size on filter performance under similitude conditions. 
5.3.2 Comparison and discussion 
The test with 2 mm granules is compared to a test with 4 mm granules. Both 
tests were conducted under similitude conditions with a bed pressure of around 
159.67kPa gage (23.16psig), air temperature of 20C and superficial velocity around 
0.2m/s. Granule size is the only different independent variable between them. 
Table 5.4 Experimental conditions and dimensionless numbers for experiment with 4 mm 
granules and experiment with 2 mm granules 
Ash flow Granule 
Bed pressure 
Actual air 
Superficial 
St Re R Rrbo Fr rate flow rate density 
(g/min) kPa gage (psig) V (mis) {g/min) (kg/m"3) 
4mm 
10.94 203.20 158.88 (23.04) 3.09 0.20 0.10 135.58 0.0029 792.11 1.02 
test 
2mm 
11.18 214.29 157.62 (22.86) 3.08 0.20 0.19 67.46 0.0057 795.97 2.04 
test 
Figures 5.6 and 5.7 indicate that operation with small beads produced a 
decreasing efficiency and a larger pressure drop that increased monotonically. 
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Table 5.5 Filter collection efficiency against time for experiment with 4 mm and 
experiment with 2 mm granules ::::---- Granule size 4mm 2mm ----30 99.82 99.59 
60 99.71 99.15 
90 99.78 99.20 
120 99.70 98.44 
Avg. collection efficiency% 99.75 99.10 
Standard deviation of collection efficiency % 0.06 0.48 
According to the statistical analysis on the data of Table 5.5 in Appendix G, it 
was found that time has a statistically significant negative linear relationship with filter 
collection efficiency (P-value=0.08) in the experiment with 2 mm granules opposite to 
the situation in the experiment with 4 mm granule whose P-value is 0.35. It was also 
found that granule size has a statistically significant negative linear relationship with 
filter collection efficiency (P-value=0.034, less than 0.1 ). The filter with 2 mm granules 
will have statistically poorer collection efficiency at significance level of 0.1 than with 4 
mm granules. 
For each experiment, the top granule storage tank was removed following the 
test. (Figure 5.8). For the test with 4 mm granules, zone B was found to be clean, which 
supports a high collection efficiency. For the test with 2 mm granules, the B zone was 
dirty and a thin layer of ash was attached to the surface of region B. More importantly, 
considerable ash was observed on the internal surface of the downcomer and to the 
screen at the zone A. As more and more ash accumulated, more a.nd more ash would 
move to outlet, resulting in an increased pressure drop and a decreased efficiency trend. 
Up exit of 
downcomer 
Down downcomer 
28 
Figure 5.8 Region A, Band C in filter body 
B 
A 
Downcomer 
c 
The efficiency contrast between 4 mm and 2 mm tests may be explained by the 
granule fluidization in downcomer. For two experiments, they have the same 
hydrodynamic conditions of around 0.2 mis superficial velocity, 0. 76 mis in the place of 
down downcomer where air comes into downcomer and 1.04 mis in the place of up exit 
of downcomer where air comes out. So the air velocity in downcomer is within a range 
of 0. 76 mis to 1.04 mis. Appendix H gives the minimum fluidization velocities for both 4 
mm and 2 mm granules. Under 23 psig of air, 4 mm has around 1.1 mis minimum 
fluidization velocity and 2 mm has around 0. 7 mis minimum fluidization velocity. So in 4 
mm granule experiment, granules in downcomer were not fluidized, while in 2 mm 
granule experiment, granules in downcomer were fluidized. Granule fluidization in 
downcomer makes ash particles easier to break through the total granule bed. To have 
high and stable efficiency, fluidization in downcomer should be avoided. 
29 
5.4 Effect of bed pressure on ftlter performance 
5.4.1 Experimental purpose 
The previous experiments showed that the moving bed filter works very well 
under similitude conditions. The similitude experiments were conducted at about 
159.67kPa gage (23.16psig) pressure. One more experiment with a lower pressure of 
34.47kPa gage (5psig) while maintaining system variables such as superficial velocity 
would help to understand the effect of pressure on filter collection performance. 
5.4.2 Comparison and discussion 
Table 5.6 Experimental conditions and dimensionless numbers for experiment under high 
pressure and experiment under low pressure 
Ash flow Granule Mass Bed pressure Actual air 
Superficial 
Pressure rate flow rate dust kPa gage density St Re 
V (mis) 
R R.-bo Fr 
(g/min) (g/min) ratio % (psig) (kg/m''3) 
High I0.94 203.20 5.38 
158.88 
(23.04) 
3.09 
Low 6.99 211.0 3.31 34.91(5.06) 1.62 
0.20 O.IO 135.58 0.0029 792.11 1.02 
0.20 0.10 70.97 0.0029 1513.28 1.02 
The reason for different ash flow rates in Table 5.6 is that for high pressure test 
the hydrodynamic properties in the inlet pipe entrained ash from· the feeder compared to 
the low pressure test, which will to lead different mass dust ratios in the bed. However, 
since it has been proven that mass dust ratio has little effect on filter performance, the 
comparison between high pressure and low pressure tests is still meaningful. 
Figure 5.9 shows a comparison of a high pressure test under about 159.67kPa 
gage (23.16psig) and a low pressure test under about 34.47 kPa gage (5psig) in the aspect 
of filter collection efficiency. The bed pressure is the only different independent variable 
between two tests. Both tests were conducted with 4 mm granules. 
Statistical analysis based on the data of Table 5.7 in Appendix G indicates that 
time has not the statistically significant linear relationship with filter collection efficiency 
in both low (P-value=0.26) and high pressure (P-value=0.35) experiments. It was also 
30 
found that pressure a the statistically significant negative linear relationship with filter 
collection efficiency (P-value=0.0002). The filter operated under lower pressure will 
have worse collection efficiency statistically. 
Table 5. 7 Filter collection efficiency against time for experiment under high pressure and 
experiment under low pressure 
Bed pressure 
Time(min) 
High Low 
30 99.82 98.24 
60 99.71 98.06 
90 99.78 98.22 
120 99.70 98.82 
Avg. collection efficiency<'/o 99.75 98.33 
Standard deviation of collection efficiency % 0.06 0.33 
When analyzing from the dimensionless numbers, among three dimensionless 
numbers for controlling the collection mechanism, only Re changed (Table 5.7). High 
pressure means higher air density and larger Re. This result is consistent with the 
experiments by Gal et al. [4]. One possible explanation is that a higher Re number 
implies more severe wake turbulence behind the granules, which can help capture the 
ash. 
Both experiments reached quasi-steady state very quickly based on Figure 5.10. 
However, the pressure drop for the high pressure test was about l .6kPa higher than the 
low pressure test, although they have the same superficial velocity. This can be explained 
that high pressure test has a greater Re number than low pressure test. A larger Re 
number will produce more severe wake turbulence behind granules, which will increase 
the energy loss of flow and increase the total pressure drop. 
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5.5 Experiment under high superficial velocity 
5.5.1 Experimental purpose 
Superficial velocity is one of the important factors that influence filter 
performance. However, superficial velocity was not included in the similitude model in 
the section of 5.2 because of the limited range of the system tested. At 159.67kPa gage 
pressure (23.16 psig), the maximum superficial velocity is only 0.2mls, so in the present 
study there was insufficient range to investigate superficial velocity as a variable under 
similitude conditions. Another experiment was conducted under low pressure of about 
5psig and high superficial velocity of about 0.42mls. It would be compared to a low 
pressure test of 5 psig and low superficial velocity of 0.2mls (the low pressure test 
mentioned in the section 5.4). The effect of superficial velocity on filter performance was 
investigated in this way. 
5.5.2 Comparison and discussion 
Table 5.8 Experimental conditions and dimensionless numbers for experiments with high 
superficial velocity and experiment with low superficial velocity 
Ash flow Granule Mass Bed pressure Actual air 
Superficial 
rate flow rate dust kPa gage density St Re R Rrho Fr V (mis) 
(g/rnin) (g/rnin) ratio% (psig) (kg/m"'3) 
0.42 20.13 214.3 9.39 34.75 (5.04) 1.62 0.20148.85 0.00291515.15 4.50 
0.20 6.99 211.0 3.31 34.91 (5.06) 1.62 0.10 70.97 0.00291513.28 1.02 
The reason for different ash flow rates in Table 5.8 was explained in the section 
of 5.4. Higher inlet velocity entrained more ash out of the feeder. 
Figures 5.11 and 5.12 show a comparison of a test with low pressure (34.91 kPa, 
gage, 5.06 psig), low superficial velocity (0.20 mis) to a test with low pressure (34. 75 
kPa, gage, 5.04 psig) and high superficial velocity (0.42 mis) in the aspect of filter 
collection efficiency and pressure drop. 
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The experiment with low superficial velocity has almost constant collection 
efficiency with time while the experiment with high superficial velocity has a rapidly 
dropping collection efficiency with time. 
Table 5.9 Filter collection efficiency against time for experiments with high and 
experiment with low superficial velocity 
~
30 
60 
90 
120 
Avg. collection efficiency% 
Standard deviation of collection efficiency % 
High 
96.16 
92.87 
90.00 
86.55 
99.75 
0.06 
Low 
98.24 
98.06 
98.22 
98.82 
91.39 
0.4 
The statistical analysis based on the data of Table 5.9 in Appendix G also 
supports that time has a statistically significant negative linear relationship with filter 
collection efficiency in the experiment with high superficial velocity, opposite to the 
situation in low superficial velocity experiment. It was also found that superficial velocity 
has a statistically significant negative linear relationship with filter collection efficiency. 
The filter with higher superficial velocity will have worse collection efficiency 
statistically. 
The reason for the bad collection efficiency in high superficial velocity also can 
be explained by the thought of granule fluidization in downcomer. High superficial 
velocity experiment has around 0.42 mis superficial velocity, 1.58 mis in the place of 
down downcomer and 2.18 mis in the place of up exit of downcomer. Low superficial 
velocity experiment has around 0.2 mis, 0.75 mis and 1.04 mis respectively. Appendix H 
gives that, under 5 psig of air, the minimum fluidization velocities for 4 mm granules is 
around 1.46 mis. So in low superficial velocity experiment, granules in downcomer were 
not fluidized, while in high superficial velocity experiment, granules in downcomer were 
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fluidized. Granule fluidization in downcomer makes ash particles easier to break through 
the total granule bed. 
Meanwhile, with the help of a horoscope, a video camera was directed on the 
interfacial area of zone C in Figure 5.8. Comparing the tape after experiments for low 
superficial velocity test, high superficial velocity test showed a cleaner interfacial region, 
which means much ash entering the filter breaks through the interfacial region which is 
believed as the main filtration zone and then out of to the outlet. 
From the point of view of dimensionless numbers, among three dimensionless 
numbers for controlling the collection mechanism, St and Re changed (Table 5.9). St and 
Re in high superficial velocity test are as twice as the values of low superficial velocity 
test. Gal el al. 's research [ 4] found that both of the large St and large Re numbers could 
improve filter collection efficiency, which is not consistent with the experimental 
phenomenon observed in this research. Previous investigators [8, 9] also found that 
higher superficial velocity would make the filter work badly. For the type of moving bed 
granular filter in this research, evidence supports that larger St number or too high 
superficial velocity damages filter collection efficiency. 
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6. CONCLUSIONS 
The main purpose of this research was to study the performance of the moving 
bed granular filter under similitude conditions and to gain a better understanding of the 
filtration mechanism in moving bed filters. Based on experimental results, several 
conclusions can be made. 
1. This type of moving bed filter is robust with high efficiency when 4mm 
granules are used as the filtration media and the superficial velocity is 0.2 mis under 
similar conditions. Based on similitude theory, the filter should still achieve a similar 
collection efficiency in the corresponding prototype. 
2. Under the same hydrodynamic conditions, the test with 4 mm granules has 
higher efficiency than the test with 2 mm granules. The possible explanation is that, in 2 
mm granule test, the granules in downcomer were fluidized. So ash broke through the 
filter bed more easily and collection efficiency became worse. 
3. A stream that has a high pressure may help to improve the collection 
efficiency of the filter. A higher-pressure gas stream has a greater Re number. A higher 
Re number results in more turbulent wake behind the filtration granules, and the 
turbulence may help to capture the ash particles. 
4. Superficial velocity has a significant influence on the performance of the filter. 
There is good evidence that high velocity results in ash breaking through the filter bed 
and going to the outlet. However, the result is not consistent with the research of Gal el 
al.[4]. They found that a larger St number or a higher superficial velocity could improve 
the collection efficiency of the filter. In fact, the researches mentioned in chapter 2 also 
arrived at different experimental conclusions on the effect that the superficial velocity has 
on the performance of the filter. The filters' significant difference in geometry may 
explain this difference. 
The filtration mechanism in moving bed granular filter is complex. It depends on 
filter dimensions, structure, fluid properties, filtration media properties, and other 
properties. 
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7. SUGGESTIONS ON FUTURE IMPROVEMENTS 
1. Advanced ash and air mixing system like aerosol generator is desired to 
replace present design. In research, the dirty air was formed by high speed air hitting and 
mixing with the fly ash fed by the ash feeder. The defect of this design is that much ash 
came out of the feeder in bulk and couldn't be dispersed by high speed air immediately, 
so much ash deposited in inlet pipe. The situation was more severe in similitude 
experiments because of lower inlet air velocity. 
2. Higher compressed air source is desired to achieve higher superficial velocity 
m similitude experiments. The compressed air used in research has around 90 psig 
pressure which can produce maximum superficial velocity of 0.2 mis under similitude 
conditions. So the experiments couldn't be conducted under similitude conditions beyond 
0.2 mis superficial velocity. 
3. Bigger granule storage tank is preferred. With bigger granule storage, the 
experiments can be conducted longer before the top granule storage tank is empty. 
Presently, the top granule storage tank can hold about 32 kg granules. Longer 
experiments can help people to understand the operation of moving bed granular filter 
better, especially help to determine the steady-state point. 
4. A wider range of pressure transducer is needed. The pressure transducer used 
in research for measuring the pressure drop across bed has only 5 psid range which is 
narrow for future experiments with higher superficial velocity or with smaller granules. 
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APPENDIX A: SIMILITUDE MODELING AND DERIVATION 
Similitude analysis is based on dimensionless parameters to describe filter 
performance [12]. Although there are several kinds of collection mechanism, most 
moving bed granular filters, including the filter studied in this research, operate in a 
regime where inertial impaction is the main collection mechanism. For inertial impaction 
filters, collection efficiency can be expressed with three dimensionless parameters as 
[12]: 
77 = f(St,Re,R) 
where 
p ·d2 ·U·C 
St= P P ' (Stokes number) 
9·µ·dg 
pP: Particle (fly ash) density 
dp: Particle (fly ash) average diameter 
U: Superficial velocity 
Cs= 1, Cunningham factor 
µ : Fluid viscosity 
dg: granule diameter 
p ·U·d 
Re = / g (Reynolds number) 
µ 
p 1 : Fluid density 
d 
R = _g_ (Interception number) 
dg 
These three dimensionless numbers control the filter collection mechanism. In 
the case of a granular filter, additional dimensionless parameters are required to describe 
the hydrodynamics of the moving bed: 
Rrho =Pg 
Pt 
and the Froude number, Fr [9] 
u2 
Fr=--
g·dg 
42 
Now we have five dimensionless parameters to control, 
p ·d 2 ·U·C 
St: Stokes number, St = P P ' 
9·µ·dg 
p ·U·d 
Re: Reynolds number based on granule diameter, Re = 1 g 
dp 
R: Interception number, R = -
dg 
Rrho: The ratio granule density to fluid density, R,ho = pg 
Pr 
u2 
Froude number, Fr = --
g · dg 
µ 
The similitude conditions will be achieved when five dimensionless parameters 
are same between the prototype model and experimental model. 
For two geometrically similar moving bed granular filters operating in the 
inertial impaction regime, the hydrodynamic behavior and the particle collection 
efficiency of these filters will be identical if these five dimensionless parameters are 
equal. Let subscripts 1 and 2 distinguish the physical properties of these two filters, then 
we have, 
(1) 
Pr1 ·U1 ·dg1 = P12 ·U2 ·dg2 (2) 
µI .µ2 
dpl dp2 -=- (3) 
Pg1 Pg2 -=-- (4) 
pf! P112 
u 2 u 2 
--' -= 2 
g ·dgl g·dg2 
From (3), we have 
dpl dp2 dpl dgl 
- = - c::=:=::> - = -
dgl dg2 d p2 dg2 
From (4), we have 
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Pg1 Pg2 - = - c::=:=::> Pg1 P11 --=--
P11 P112 Pg2 P12 
From (5), we have 
_u_, 2_ = u 2 2 c::=:=::> _d g_, = _u_,_2 
g·dg, g·dg2 dg2 u/ 
Substitute (6),(7),(8) into (1) and (2) 
Ppi -d;, ·U1 ·C, _ pp2 ·d;2 ·U2 ·C, 
9. µ, ·dgl 9. µ2 ·dg2 
Pp1 ·dg1 ·U, = 
µ,· 
Pp1 ·U,2 ·U, 
= 
µ, · 
Pp1 u; · µ1 
Pp2 = U( · µ2 
Pp2 ·dg2 ·U2 
µ2 
Pp2·Ui·U2 
µ2 
P11 ·U, ·dg1 P12 ·U2 ·dg2 
µI µ2 
P11 ·U, ·U,2 _ P12 ·U2 ·Ui 
µ, µ2 
P11 ·U( = P12 .u; 
µ, µ2 
(5) 
(6) 
(7) 
(8) 
(9) 
So compare (9), (10) and (7), have 
Pµ1 P11 --=--
Pp2 P12 
From (II), have 
P11 =u;-µi 
P12 U13 · µ2 
P1i -u: _ p12 -u; 
µi µ2 
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u is the kinematic viscosity of the fluid. 
Substitute (12) into (5) , have 
2 
dgl - dpi -(V2J3 ------ -
dg2. d p2. Vi also, 
So finally three equations are achieved, 
2 
Pµi P1i Pgi --=--=--
Pp2 P12 Pg2 
dgl _ dpl -(V 2 J3 ------ -
dg2. d p2. Vi 
(10) 
(11) 
(12) 
By satisfying these three equations, the gas densities in the hot flow prototype 
and cold-flow (experimental) model are the same and similitude is achieved with the 
same density of dust particles and the same density of bed granules in the two beds. 
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APPENDIX B: FILTER BODY MECHANICAL DRAWING AND PHOTO 
Outlet 
Funnel 
Figure B.1 Mechanical drawing of the filter body 
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Figure B.2 Photo of the filter body 
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APPENDIX C: CALCULATION FOR THE ISOKINETIC SAMPLING 
One set of isokinetic sampling system includes 
1. sampling probe 
2. 47 mm sampling filter holder 
3. small rotameter 
4. S-type pitot-tube 
5. manometer 
The part cut from the schematic diagram is enlarged and shows their 
connections. 
pipe 
latm 
small rotru1reter 
small 
valve 
47m filter 
,...... ........ __,,holder 
sampling 
probe 
pi tot 
tube 
Figure C.l Schematic of the isokinetic sampling system 
The basic idea for isokinetic sampling is that the air going through the sampling 
probe has the same velocity with the air velocity in pipe. The pitot tube and manometer 
are responsible for measuring the air velocity in the center of pipe. The small rotameter is 
adjusted so that the value of flow rate is equivalent to the air velocity in center of pipe. 
Bed pressure: 159.67 kPa, 23.16 psig 
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Inlet pitot tube pressure drop ("water): 0.025 
Water specific gravity: 9800 kg/ m3 
Air density under 159 .67 kpa and 20C: 3 .10 kg/m3 
- -~2·g·p'·h V -Cpi101 
p 
g: specific gravity,9.8N/kg 
Cpitot :~ 0.825,S -type Pitot -tube coefficient 
p': water density,l000kg/m 3 
p : actural air density 
h : velocity pressure, measured by manometer 
Convert all units to metric system, get the inlet actual centerline velocity 
V = 0.825 . 2·9.8·1000 · 0.025 · 0.0254 = l.65m Is 
3.10 
1 inch= 0.0254m 
The rotameter should be set at a value of R 
V" : air velocity under normal condition 
A. : sampling probe int erepted area 
R = 1.65· (23 ·16 +l4.7) ·3.14· 0.002192 ·3600 = 0.05760m3/ hr (2.03SCFH) 
14.7 4 
sampling probe's diameter is 0.00219m 
Table C.1 Isokinetic probe settings for similitude conditions 
Inlet Inlet Inlet Outlet Outlet Outlet 
Similitude velocity centerline rotameter velocity centerline rotameter 
conditions pressure velocity setting pressure velocity setting 
("water) (mis) (SCFH) ("water) (mis) (SCFH) 
Isokinetic 
0.025 1.65 2.03 0.025 1.65 2.03 
probe settings* 
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APPENDIX D: CALCULATION OF THE INTERFACIAL VELOCITY 
The interfacial area is the area where the dirty air begins enters the granule bed. 
In the Figure 4.1, the area monitored by video camera is the superficial area. The 
interfacial area is needed to calculate the superficial velocity by the equation of 
U : Superficial velocity 
Q : Flow rate 
A : Interfacial area 
It is clear from Figure 4.1 for this filter that the interfacial area is determined by 
three numbers, the granule downcomer diameter which is 5.5" (13.97cm), the bed body 
diameter which is 11.875" (30.1625cm) and the granular angle which is 13.3 degree. The 
area is show in Fig appendix 1 below 3D image. 
gages. 
Figure D.l 3-D schematic of the granule interface 
The interfacial area is 576.43 cm2 or 89.35 inch2. 
The flow rate can be calculated from the readings of flowmeter and pressure 
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APPENDIX E: EXPERIMENTAL SIMILITUDE CONDITIONS 
The similitude conditions (dimensionless numbers, St, Re, R, Rrho and Fr, are 
equal between the prototype and similitude models) can be satisfied when 
P pproto = P gproto = P fproto 
P psim P gsim P ftim 
2 
d pproto = d gproto = ( U proto J) 
d psim d gsim U sim 
In this experiment, should have that p pproto = p gproto = p fproto ~ 1 , 
I 
Then we have U proto = ( µ proto J3 
usim µsim 
P psim P gsim P ftim 
µ proto=0.00004483 kg/m-s, air viscosity under 850 C 
µ sim=0.00001825 kg/m-s, air viscosity under 20 C 
I 
Then, get U proto = ( µ proto J) =l .35, 
usim µsim 
2 
d pproto = d gproto = ( µ proto J) =l .82 
d psim d gsim µ sim 
So now all information and corresponding between the prototype and similitude 
models are determined. Table 4.3 lists the parameters for both prototype and similitude 
models. 
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APPENDIX F: FLY ASH SIZE DISTRIBUTIONS 
The fly ash used in research is from combustion power plant. Sieving method 
was used to determine the size distribution. Table F.1 and Figure F.1 give the data of size 
distribution and the histogram of size distribution. 
Table F.1 . Size distribution data of raw fly ash 
Diameter dpi (um) 
Mass collected Mass fraction in xi/dpi 
range (um) in interval (g) interval, xi 
5-10 7.5 0.0282 0.02953 0.00394 
10-15 12.5 0.05677 0.05945 0.00476 
15--20 17.5 0.16885 0.17682 0.01010 
20--25 22.5 0.22537 0.23601 0.01049 
25--30 27.5 0.17418 0.18240 0.00663 
30--38 34 0.10187 0.10668 0.00314 
38--45 41.5 0.04771 0.04996 0.00120 
45--53 49 0.02403 0.02516 0.00051 
53--63 58 0.03455 0.03618 0.00062 
63--75 69 0.03517 0.03683 0.00053 
75--90 82.5 0.03444 0.03607 0.00044 
90--106 98 0.01596 0.01629 0.00017 
106-125 115.5 0.00823 0.00862 0.00007 
Sample total mass 0.95493 Sum of (xi/dpi) 0.04260 
0.25 
0.20 
= 0 
·.::i 0.15 "' = tJ:: 
"' "' 0.10 = ::g 
0.05 
0.00 
7.5 12.5 17.5 22.5 27.5 34 41.5 49 58 69 82.5 98 115.5 
Ash diameter (um) 
Figure F. 1 Size distribution histogram of raw fly ash 
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The average ash diameter can be calculated as [ 14] 
1 1 
dp = = =23.48um 
Icx 1dp)i 0.04260 
However, in experiments, because the air in inlet velocity didn't have fast 
enough velocity, much ash deposit was observed in inlet pipe close to the exit of ash 
feeder. So the size distribution and average ash diameter calculated above don't represent 
the true numbers of the ash entering the filter. Same ash size analysis was conducted on 
the ash sample taken from the mixture of granules and fly ash in the filter after 
experiment. 
Table F.2 Size distribution data of fly ash captured by granule bed 
Daimeter 
dpi (um) 
Mass collected Mass fraction in 
xi/dpi 
range (um) in interval (g) interval, xi 
5--10 7.5 0.16452 0.39073 0.05210 
10--15 12.5 0.08697 0.20655 0.01652 
15--20 17.5 0.06885 0.16352 0.00934 
20--25 22.5 0.04537 0.10775 0.00479 
25--30 27.5 0.04788 0.11371 0.00414 
30--38 34 0.00497 0.01180 0.00035 
38-45 41.5 0.0025 0.00594 0.00014 
Sample total mass 0.42106 Sum of (xi/dpi) 0.08724 
0.45 
0.40 
0.35 
c 0.30 0 
'.::! 
0 0.25 "' 4::l
I'll 0.20 I'll 
"' ::g 0.15 
0.10 
0.05 
0.00 
1.5 12.5 17.5 22.5 27.5 34 41.5 
Ash diameter (wn) 
Figure F.2 Size distribution histogram of fly ash captured by granule bed 
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1 1 
The average diameter is d P = " = = 11.46um 
L..J(x/ dp)i 0.08724 
By comparing two size distributions, we can see that most of ash particles larger 
than 40 um were deposited in inlet pipe and didn't flow into the filter. So to evaluate the 
filter performance properly, we should eliminate the deposited fly ash from our analysis. 
When doing the similitude analysis, 11.46 um was used because it represents the true 
average diameter of fly ash entering the filter. 
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APPENDIX G: STATISTICAL REGRESSION ANALYSIS 
1. Straight-line regression model to investigate the relationships between, time 
and filter collection efficiency, and, mass dust ratio and filter collection efficiency for 
four similitude experiments. 
a. Regression analysis on filter collection efficiency by time 
The straight-line model of Y(Efficiency)=Bo+B1X(Time) is applied to efficiency 
data points for each mass dust ratio value. Statistical software JMP was used to do 
statistical analysis. All the figures and tables used below are based on the outputs and 
results of JMP's analysis. P-value is the statistical number for testing the null hypothesis 
of B=O, i.e. whether the slope is statistically significant. Significance level is 0.1. When 
P>=O.l, we can't reject the null hypothesis, i.e. X does not help to predict Y significantly 
or X has no significant linear relationship with Yat significance level of 0.1. When P<O.l, 
we can reject the null hypothesis, i.e. X does help to predict Y or X has significant 
relationship with Y at significance level of 0.1. 
Figure G.1 gives the regression fit graphic situation, regression model equations 
and P-vales. Since P-values are much larger than the significance level of 0.1, so for all 
four experiments, we can't reject the hypothesis that B1=0. In other words, time doesn't 
help to predict the filter collection efficiency. Efficiency is almost constant as time. 
b. Regression analysis on filter collection efficiency by mass dust ratio 
The straight-line model of Y(Efficiency)=Bo+B1X(Mass dust ratio) is also 
applied to efficiency data points for four similitude experiments (Figure G2). P-value for 
testing the term of mass dust ratio is 0.37. Also, we can't reject the hypothesis ofB1=0, i.e. 
mass dust ratio doesn't help to predict the filter collection efficiency. There is no 
significant linear relationship between mass dust ratio and the filter collection efficiency. 
Filter can work in a robust way to the change of mass dust ratio within range of 3.33% to 
11.04% under similitude conditions. 
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i . 
____ -:.__ _____ .. ---------~----· 
3 4 5 6 7 8 9 10 11 12 
mass dust ratio 
efficiency= 99.377189 + 0.0199201 mass dust ratio, P=0.37 
Figure G.2 Fit of efficiency by mass dust ratio 
2. Straight-line regression analysis to investigate the effect of granule size 
Figure G.3 indicates that time has no statistically significant linear relationship 
with filter collection efficiency in 4 mm granule experiment (P-value=0.35). While in 2 
mm granule experiment, time has the statistically significant negative linear relationship 
with filter collection efficiency (P-value=0.084), i.e. in 2 mm granule experiment, filter 
collection efficiency has decreasing trend as time. 
99.B:;..,._-----------~ 
99.e:;---~,---,~--~,---< 
25 50 75 100 125 
time 
4 mm granule test 
efficiency(4mm)=99.83-9.67E-4tirne, P=0.35 
10:; 
"E 
E ...................... , 
;:99.5" 
~---------"'-g 
Q) . ·u . ---., 
~ 9g- "'-..... .................................. 
---'---. 
98.5" 
................... ~ ................ _ . 
9v I I I 
25 50 75 100 125 
time 
2 mm granule test 
efficiency(2mm)=99.95-l.13E-2time, P=0.084 
Figure G.3 Fit of efficiency by time for 4mm and 2mm granule experiments 
S7 
98.!T 
I I I I I 
1.5 2 2.5 3 3.5 4 
size 
efficiency= 98.4375 + 0.32875 size, P=0.034 
Figure G.4 Fit of efficiency by granule size 
Figure G4 indicates that granule size has a statistically significant negative 
linear relationship with filter collection efficiency (P-value=0.034). The experiment with 
2 mm granules will have worse collection efficiency statistically than with 4 mm 
granules. 
3. Straight-line regression analysis to investigate the effect of bed pressure 
99.a;;-------------
a:-:r ii'. 99.8" - ·--.. _ 
c: -~-~ 
Q) ·u 
~99.75 
99.r 
99.6_,'Tt----.---,--.--, ----,-,----; 
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time 
High pressure (around 23 psig) 
efficiency(HP)=99.83-9.67E-4time, P=0.26 
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Low pressure (around 23 psig) 
efficiency(LP)=97 .86+6.33E-3tirne, P=0.35 
Figure GS Fit of efficiency by time for high and low pressure experiments 
Figure GS indicates that time has no statistically significant linear relationship 
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with filter collection efficiency in both low (P-value=0.26) and high pressure 
(P-value=0.35) experiments. 
To do the regression analysis on the relationship between the pressure and 
collection efficiency, dummy variable is introduced to represent bed pressure. High 
pressure which is around 23 psig in experiment is represented by 1 and low pressure 
which is around 5 psig is represented by 0. Figure G.6 indicates that pressure has a 
statistically significant negative linear relationship with filter collection efficiency 
(P-value=0.0002, much less than 0.1), i.e. we can reject the null hypothesis of B1=0 with 
the significance level of 0.1. The filter operated under lower pressure will have worse 
collection efficiency statistically. 
velocity 
~99. 
c: 
·~ = w 9 
0 .25 .5 
Pressure 
.75 1.2 
Efficiency= 98.335 + 1.4175 Pressure, P=0.0002 
Figure G.6 Fit of efficiency by pressure 
4. Straight-line regression analysis to investigate the effect of superficial 
Figure G 7 indicates that time has no statistically significant linear relationship 
with filter collection efficiency in low superficial velocity experiment (LSV) 
(P-value=0.26), but has a statistically significant linear relationship with filter collection 
efficiency (P-value=0.0006) in high superficial velocity (HSV) experiment, i.e. in high 
superficial velocity experiment, filter collection efficiency has decreasing trend as time. 
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Figure G. 7 Fit of efficiency by time for high and low superficial velocity experiments 
Dummy variable is also introduced to represent superficial velocity. High 
superficial velocity which is around 0.42 mis in experiment is represented by 1 and low 
superficial velocity which is around 0.2 mis is represented by 0. 
superficial velocity 
Efficiency= 98.335-6.94 superficial velocity, Pressure, P=0.015 
Figure G.8 Fit of efficiency by superficial velocity 
Figure G.8 indicates that superficial velocity has a statistically significant 
negative linear relationship with filter collection efficiency (P-value=0.015, less than 0.1 ), 
i.e. the filter operated under higher superficial velocity will have worse collection 
efficiency statistically. 
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APPENDIX H: CALCULATIONS OF MINIMUM FLUIDIZATION 
VELOCITIES OF 4 MM AND 2 MM GRANULES 
The concept and numbers of minimum fluidization velocities for both 4 mm and 
2 mm granules are used to explain the filter collection performance. 
Three equations are for calculating the minimum fluidization velocity [15]. 
Ar= p(pp - p)gd! 
µ2 
Repmf = ~(33.7)2+ 0.0408Ar -33.7 
Repmfµ u if=-~-
m dpp . 
Ar : Archimedes number 
p : air density 
p P : granule density 
d P : granule diamet 
Re Pmf : Re number based on U mf 
Based on the equations above, we have the Table H.1. 
Table H.1 Minimum fluidization velocities for 4 mm and 2 mm granules under 23 psig 
and 5 psig pressure 
~ 
23 psig (air density=3.10 5 psig (air density=l .62 
kg/m3) kgm/m3) e 
4mm 1.1 mis 1.46 mis 
2mm 0.7 mis 0.93 mis 
